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Almtraet--In this study, the devolatilisation process of Miscanthus particles inside a pulverised coal 
combustion chamber is characterised with the aim of finding conditions for which the devolatilisation rate 
of coal and Miscanthus is similar. However, choosing a power station as an experimental set-up for 
research is awkward because of the scale of operation ( > 500 MWct). Therefore, BTG has designed and 
constructed a droptube reactor for well-controlled Miscanthus devolatilisation experiments with 
operational conditions that resemble those of a pulverised coal combustor. The droptube reactor has an 
internal diameter of 0,050 m and a maximum heated length of 1.6 m. Parameters which have been varied 
are: the droptube temperature (1000 °, 1200 °, 1300 °, 1400°C); the heated roptube length (0.4, 0.8, !.2, 
1.6 m); and the particle size or sieve fraction (0.6-1, 1-2, 2-2.8 mm). For a droptube length of 1.6 m, 
this results in a particle residence time of approximately ! s. 
The experimental study on high-temperature Miscanthus decomposition i  the droptube showed that 
Miscanthus panicles which belong to the smallest sieve fraction (0.6-1 mm) could be devolatilised 
completely in a 1.6 m long droptube. Apart from the experimental investigation, a numerical model has 
been developed. Samples of Miscanthus particles, representing rass-/straw-like crops, have been 
characterised in detail with respect o their size distribution. These data have been used to validate the 
numerical model with the results from the droptube xperiments. The validation was successful. The model 
was then applied to predict he Miscanthus devolatilisation behaviour in a pulverised coal power station. 
The model predicts full conversion of Miscanthus panicles for panicles with a diameter smaller than 
3 mm, in the core of the coal flame. Feeding of Miscanthus particles with a diameter up to 3 mm can 
therefore be recommended. Miscanthus panicles with a diameter larger than 3 mm contribute to a 
geometrical extension of the coal flame in the upward direction. This should be avoided and firing of such 
large panicles in a pulverised coal combustor is discouraged. Copyright © 1997 Published by Elsevier 
Science Ltd 
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NOMENCLATURE Xp Axial particle position in the droptube [m] 
Furnace cross-sectional area [mq 
Thermal heat capacity [J kg-' K -t] 
Drag coefficient [--] 
Panicle cylinder diameter [m] 
Excess air amount [--] ~c 
Gravitational constant (9.81) [m s -2] 
Galileo number [--] ~/ 
Enthalpy per unit mass [J kg -~] 2 
Caloric value per unit mass [J kg -~] /z 
Furnace height [m] p 
Heat of reaction [J kg -~] t~ 
First-order wood decomposition rate 
constant [s -~] 
Panicle cylinder length [m] 
Particle mass [kg] Subscripts 
Mass flow [kg s -~] air 
Nusselt number (adp/).s) [--] av 
Rate of energy production, power ['W] biota 
Prandtl number (ffsCd2~) [--] coal 
Gas-to-particle heat flow [W] el 
Cylinder radius [m] g 
Universal gas constant [J tool-~ K-l] misc 
Reynolds number (p~v~,/~s) [--] p 
Temperature [K] t 
Velocity [m s -t] th 
Greek symbols 
ct Gas-to-particle heat transfer coefficient 
[W m -2 K-'] 
Particle emissivity coefficient [--] 
Final char mass fraction after pyrolysis 
(0.1 O) [--] 
Viscosity [Pa s] 
Thermal conductivity [W m -t K -t] 
Molar mass [kg tool -~] 
Density [ks m -3] 
Stefan-Boltzmann constant (5,67 x 10 -8) 
[kg s -3 K-q 
Efficiency [--] 
Air 
Average 
Biomass 
Coal 
Electric 
Gas phase 
Miscanthus 
Panicle 
Terminal 
Thermal 
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1. INTRODUCTION 
Co-combustion of biomass with coal has 
recently attracted wide interest as a means to 
reduce coal consumption, while maintaining 
equal power station output. The replacement of
coal by biomass reduces the emission of CO2 
which could act as a greenhouse gas in the 
Earth's atmosphere. This is especially the case 
when energy crops are considered. Energy 
crops, such as Miscanthus, are a renewable 
energy resource. The CO2 emitted during 
combustion of the crop is absorbed by the new 
growing crop, thus closing the CO2 cycle. 
Furthermore, biomass contains only small 
amounts of fixed nitrogen and sulphur com- 
pared with coal on a weight basis, which 
reduces the emission of NOx and SOx upon 
combustion. 
By introduction of biomass into the pul- 
verised coal combustion process, a new material 
is added with a different chemical reactivity and 
particle size. Before applying biomass as a 
feedstock for the combustion process, the 
combustion process of this feedstock should be 
characterised with the aim of designing proper 
biomass feeding systems and the exact location 
of these feeders in the coal combustor. Analysis 
of the biomass combustion process can also be 
used to detect operational problems before- 
hand. However, measurement of the thermal 
devolatilisation rate of biomass particles in a 
full-scale coal combustor is difficult due ~0 the 
size of this operation and commercial interests 
which only allow the variation of combustion 
parameters, like temperature and excess air 
amount, in restricted ranges. Therefore, a 
laboratory-scale droptube reactor has been 
designed and built to investigate the devolatili- 
sation process of biomass in detail. A special 
feature of this droptube is the omission of 
carrier gas, which invariably introduces hydro- 
dynamic entrance and exit effects, along with a 
usually unknown gas-phase velocity profile 
inside the droptube. Bitowft et al. t published a
study concerning the fast pyrolysis of biomass in 
a droptube reactor, while Hallgren et al. 2 
published results on the topic of gasification of 
biomass in a droptube reactor. This paper 
covers the combustion of Miscanthus particles 
in a droptube reactor under conditions ap- 
proximately similar to those of a pulverised coal 
combustor. A numerical model has been 
developed and validated for these conditions. 
Then, the Miscanthus combustion model is 
applied to the situation of cofiring in a 
80 MW0, power station by introducing pub- 
lished conditions for this station into the 
model. 
The activities carried out are part of pro- 
jects under two research programmes in 
which Miscanthus as sustainable energy crop is 
being investigated. These programmes are the 
National Research Programme on Global Air 
Pollution and Climate Change, and the Euro- 
pean Miscanthus Network, a project funded 
under the EC-AIR Programme. The pro- 
jects have been financially supported by the 
Energy from Waste and Biomass Programme 
of the Netherlands Agency for Energy and 
Environment. 
In Section 2, a short introduction on coal 
combustion ispresented. Section 3 describes the 
experimental methodology for the tests in the 
droptube. In Section 4, the numerical model 
developed for investigating the combustion 
behaviour of Miscanthus particles is discussed. 
In Section 5, the experimental nd numerical 
model results are presented and reviewed. In 
Section 6 finally, a description is given of how 
the numerical model is applied for co-combus- 
tion simulations in a particular pulverised coal 
combustor. 
2. BACKGROUND ON COAL COMBUSTION 
The chemical nature of coal can be simplified 
reasonably by assuming coal to consist com- 
pletely of carbon. Combustion of this simplified 
coal type, which quite resembles anthracite, can 
then be described by: 
C + 02 + 4N2--~CO2 + 4N2 
+ 393 kJ(exothermal). (1) 
Complete stoichiometric ombustion of 1 kg 
coal would require 12 kg of air, although 
power stations usually add excess air to the 
stoichiometric air amount o avoid the emission 
of carbon monoxide due to poor gas-phase 
mixing. 
Today, a number of combustion reactor 
types are available to convert he caloric value 
of coal into heat and combustion products. 
These reactor types consist of pulverised coal 
combustors, stoker combustors, atmospheric 
fluidised-bed combustors, and circulating 
fluidised-bed combustors. However, pulverisexl 
coal combustion is the technique which has been 
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Table 1. Parameters characterising Goudey Station 
Main parameters 
Furnace height, Hr 
Furnace cross sectional area, At 
Coal feed rate, Meat 
Air feed rate, M.tr 
Thermal output, Pth 
Net electrical power, P** 
Power station efficiency 
Additional parameters 
Coal caloric value, H~t 
Excess air amount, E.~, 
Average gas phase temperature, T~v 
Average upward gas velocity 
21.5 m 
57.8 m 2 
6.2 kg s- 
90 kg s- t 
200 MW,h 
61.2 MWe, 
31.7% 
31.2 MJ kg-b 
0.214 
1600K 
7.1 ms  -~ 
applied most when large-scale power-generation 
operations (i.e. > 500 MWol) are considered. 
Processes which govern the combustion of 
pulverised coal inside a combustor can be 
interpreted and understood if this process is 
locally probed, aiming to measure relevant 
process parameters like the temperature, vel- 
ocity and local composition of the gas and solid 
phase. Germane et al. 3 provide the most 
complete information concerning full-scale coal 
combustion which is available in the open 
literature. Their subject under study was the 
80 MW~ Goudey Station of the New York State 
Electricity and Gas Company. From the 
published ata of Germane et al., 3 Test 2 has 
been selected. This test can be characterised 
by the operating parameters presented in 
Table 1. 
According to Benson et al., 4 the surface 
tension between the slag phase and the char 
phase is sufficiently high to prevent wetting 
of the char surface with a slag layer. This 
condition applies both for burning coal and 
Miscanthus. 
3. EXPERIMENTAL METHODOLOGY 
3.1. Introduction 
The objective of this study is to support he 
research in cofiring of Miseanthus in pulverised 
coal combustors. Literature on this topic is 
scarce and insufficient o construct a reliable 
theoretical model to predict the rate of 
Miscanthus devolatilisation in power plants. 
Therefore, an experimental set-up has been 
designed and constructed, as well as a 
measurement programme. In the set-up, the 
decomposition of Miscanthus at the high 
temperatures encountered in pulverised coal 
firing can be studied. 
The droptube reactor has been selected as an 
instrument for the simulation of the environ- 
ment inside the pulverised coal combustion 
chamber. Default values for experimental 
conditions such as temperature, particle resi- 
dence time and gas-phase composition have 
been derived from pulverised coal combustion 
literature. Only the Miscanthus particle size is 
an independent variable which has been 
defined during the experiments. 
3.2. The experimental set-up 
A droptube reactor has been constructed by 
BTG with the aim of emulating the rapid 
devolatilisation fbiomass in a well-defined and 
controlled environment. The reactor tube has an 
internal diameter of 50 mm and a heated tube 
length varying from 0.4 to 1.6 m. The current 
maximum operation temperature of 1400°C is 
limited by the quality of the insulating material 
and can be extended to 1800°C if necessary. 
Four identical heated sections can be stacked on 
top of each other, which yields heated tube 
lengths of 0.4, 0.8, 1.2 and 1.6 m, respectively. 
The axial temperature difference along the tube 
is less then 20°C for reactor temperatures 
varying between 800 ° and 1400°C. A schematic 
representation f the droptube reactor is given 
1 
Fig. 1. Schematic representation f the experimental set-up, 
which shows the droptube as item 3. 
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in Fig. 1. The optical particle sensors at the 
droptube ntrance and exit are not represented 
in this figure; these sensors are employed in the 
particle residence time measurements. Another 
feature of this reactor is its small thermal mass 
and, as a result, the reactor is isothermal within 
2h after a step change in its operating 
temperature up to 1400°C. 
The figure shows (1) a biomass belt feeder, (2) 
a water-cooled entrance, (3) the alumina 
droptube, (4) a water-cooled exit, (5) the 
nitrogen-cooled solid-product collection vessel, 
(6) insulating sections, and (7) an electrical 
heating element. 
To study the thermal decomposition rate of 
single Miscanthus particles, a continuous and 
constant Miscanthus feeding rate of 1 g h -l has 
been applied. For this purpose, a customised 
biomass belt feeder has been designed. The belt 
feeder can even be used in a single particle 
feeding mode which is used in the particle 
residence time measurements. 
3.3. Demarcation of the experimental pro- 
gramme 
The parameters which can be varied in a 
biomass conversion experiment are: 
• the gas phase temperature; 
• the gas phase composition; 
• the particle residence time at a high 
temperature (read axial droptube length); 
and 
• the Miscanthus particle size. 
Default values of the first three parameters 
have been derived from the conditions encoun- 
tered in a pulverised coal combustion chamber, 
which have been obtained from literature 
studies to be presented hereafter. The Miscant- 
hus particle size is subject o the condition of 
complete conversion at the end of the droptube 
of maximum length, since this corresponds to a 
desirable complete conversion of Miscanthus in 
the power plant. 
3.3.1. Temperature selection. Chomiak 5and 
Benson et al:  report temperatures in a 
pulverised coal combustor which vary between 
1273 and 1873K. Droptube test temperatures 
equal to 1273, 1473 and 1673K are therefore 
recommended. It should be noted that the 
current maximum droptube temperature is 
limited to 1673K. 
3.3.2. Gas phase selection. Gumz ~ and 
Germane et al. 3 both published air stoichi- 
ometry coefficients in pulverised coal combus- 
tion with a value of approximately 1.20. This 
implies that oxygen is present everywhere in 
the combustion furnace. For a given char, 
Walker et al. v have estimated the relative rate, 
R, of char oxidation and gasification using 
various reactive gases with a partial pressure of 
0.1 bar at 1073K as: 
Ro~ = I05>>R.2o = 2 > Rco2 
= I >>R.~ = 3 x 10 -3. 
With oxygen present, the char and probably 
Miscanthus gasification reaction rates com- 
pared with oxygen are negligible. Therefore, 
only variation of the oxygen concentration i
the droptube atmosphere is an interesting 
parameter, and its value has been chosen 
equal to 20vo1% (thus air is an oxidising 
initial gas). 
3.3.3. Droptube length. The residence time of 
coal particles in a pulverised coal combustion 
chamber is about 1 s, according to data 
provided by Benson et al. 4 These 100#m 
diameter pulverised coal particles move essen- 
tially with the gas-phase velocity. Also, for 
Miscanthus particles, a velocity approximately 
equal to the gas-phase velocity is assumed for 
reasons of a well-defined biomass flow. Suppose 
that the upward velocity of the Miscanthus 
particles is significantly smaller than the 
gas-phase velocity; downward raining of Mis- 
canthus particles could occur, and partly 
converted Miscanthus particles would be col- 
lected in the ash box. An equal coal and 
Miscanthus velocity implies equal residence 
times of about 1 s in the combustion chamber. 
This residence time can be achieved in a 
droptube with an axial length of 1 m, as 
predicted by a cold flow model. Recommended 
tube lengths are 0.4, 0.8, 1.2 and 1.6 m. 
3.3.4. Miscanthus particle diameter. The 
particle diameter is chosen as small as possible 
to ensure rapid and complete devolatilisation 
of the Miscanthus particles. If 90wt% of 
a Miscanthus sample has a particle size less 
than a specified diameter, then this diameter 
is called the upper particle diameter (UPD). 
Knoef and Prins 8 have shown that milling 
coarse wood to an UPD of 0.8 mm results in 
milling costs equal to 25 ECU/ton biomass. 
Milling of wood to obtain a feedstock with a 
UPD of 0.1 mm results in 75 ECU/ton biomass 
milling costs, which is not believed to be 
economically feasible. For the droptube xper- 
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iments, Miscanthus particle diameters of 0.5, 
1 and 2 mm are recommended. 
The experimental conditions may be summar- 
ised as follows: 
Temperatures: 1000 °, 1200 °, 1300 ° and 
1400°C. 
Oxygen 20vo!%. 
concentration: 
Particle size class: 0.5-1, 1-2, 2-3 mm. 
Tube length: 0.4, 0.8, 1.2 and 1.6 m. 
Biomass type: Miscanthus. 
3.4. Operating the droptube reactor 
3.4.1. Pretreatment procedures. Prior to each 
experiment, Miscanthus is size reduced using a 
Peppink 0.25 m diameter hammermill, with 
four rotating hammers operating at 2800 r.p.m. 
The circular openings of the hammermill sieve 
have a diameter of 3 mm and the fraction of 
free sieve area is approximately 10%. Because 
of the large spread in particle size obtained, all 
material is size-classified with a vibrating sieve 
stack. The mesh sizes of the sieves are 2.8 mm 
for the top sieve, 2.0mm, 1.0mm and 
0.595 mm for the bottom sieve; upon sieving, 
three Miscanthus particle size classes are 
obtained: 
Class I 0.6-1.0 mm 
Class II 1.0-2.0 mm 
Class III 2.0-2.8 mm. 
After milling and sieving, the obtained 
material has been dried to 0% moisture. 
3.4.2. An experiment. Each experiment s arts 
with the weighing of 0.5 g Miscanthus of a 
specified size class. Carrier gas has not been 
applied in the experiments o avoid hydrodyn- 
amic entrance and exit effects, whose flow 
patterns and axial length are difficult to 
quantify. Because of the omission of carrier 
gas, feeding of the Miscanthus particles lasted 
for a period which was chosen such that the 
gas-phase concentration of each component 
initially present did not change by more than 
10%. This is equivalent to a maximum 
production of 10vol% of gaseous Miscanthus 
decomposition products. Then feeding stopped 
and the droptube was flushed with initial 
composition gases. The flushing volume was 
chosen as a factor of 5 higher than the 
droptube volume and, after flushing, feeding of 
the Miscanthus particles was resumed. This 
cyclic Miscanthus feeding and gas flushing 
operation lasted for half an hour, and the solid 
product was collected continuously in a 
downstream-positioned solid-product collec- 
tion vessel. 
3.4.3. Post processing. Partially decomposed 
solid products were collected and their weight 
was measured on a balance with a precision of 
10 -4 g. The mass conversion of Miscanthus is 
defined as: 
Conversion = 
(initial Miscanthus weight) -
(solid products weight) 
(initial Miscanthus weight) 
(2) 
4. MODELLING OF THE MISCANTHUS 
DECOMPOSITION PROCESS IN A DROPTUBE 
4.1. Introduction 
The ultimate goal of the Miscanthus de- 
composition model is to describe the processes 
which occur inside a pulverised coal combus- 
tion station, and which is of more importance, 
to assess if Miscanthus contributes to the 
flame formation inside the combustion 
chamber. Visual inspection of the solid prod- 
ucts which are being formed during the 
high-temperature biomass conversion process 
showed that Miscanthus particles decompose 
in two stages. First, Miscanthus quickly 
devolatilises and only 10wt% of char remains. 
These volatiles contain more than 80% of the 
calorific value of the original Miscanthus) The 
second stage consists of the slow combustion 
of char. Since the devolatilisation of the 
Miscanthus particles is of prime importance in 
the flame formation inside a pulverised coal 
combustor chamber, this model describes only 
the devolatilisation stage due to rapid pyrol- 
ysis reactions as has been observed in the 
experimental programme. 
A model to calculate the Miscanthus con- 
version on a weight basis as a function of the 
axial position in a heated droptube has been 
developed to gain insight into the processes 
which govern the rate of devolatilisation of 
Miscanthus particles at elevated temperatures. 
This model is represented by a closed set of 
equations which describe and represent all 
relevant physical phenomena which occur 
during combustion of Miscanthus. First, trans- 
port equations are presented which treat the 
particle as a whole, then balances are presented 
which describe the thermochemicai phenomena 
inside the particle. 
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4.2. Particle motion equations 
The equations which describe the falling 
motion of particles inside the droptube are 
derived from Newton's laws. Equatioon (3) 
relates the change in particle position to particle 
speed. Equation (4) relates the particle accelera- 
tion to the force of gravity and the drag force 
on a falling particle. 
dXp 
dt = Vp. (3) 
m ~ - Cd.4p i PairVp , (4) P dt = mpg. i 2 
4.3. Particle radial balances 
The behaviour of a single particle upon 
external heating is given by a Miscanthus and a 
char mass balance together with a thermal 
energy balance. Due to the cylindrical shape of 
the hammermilled Miscanthus particles, these 
balances are given in cylindrical coordinates, as 
represented in Fig. 2. The balances are given 
respectively by: 
Opw _ kpw . (5) 
Ot 
Opt = ~¢kpw, (6) 
0t 
tOT 1 ~ rA OT - kpwHr (7) 
(Pw+P¢)Cp,w 0t - r 0r 0r 
Solutions of these equations are the density 
distribution of char and unconverted wood 
inside a particle, and the temperature profile 
inside a particle. The particle mass, used in 
eqn (4) can be derived from the density 
distribution by applying eqn (8). 
tW 2 
mp = LpJ ° (p+ + p¢)2nr dr. (8) 
Apart from the transport equations (5-7), 
boundary equations have to be supplied which 
link the particle to its surroundings. 
4.4. Boundary condition 
A particle submerged in a gas flow is only 
coupled to its surroundings by its surface. At 
this surface, the heat flows outside the particle 
due to forced convection and radiation are in 
equilibrium with the conductive heat flow inside 
the particle: 
aT 
2 ~ I~,= ~a~). (9) 
4.5. Constitutive quations 
The constitutive quations consists of sup- 
plementary relations for the transport co- 
efficients such as the drag coefficient for a 
cylindrical particle and the gas-to-particle heat 
transfer coefficient. Apart from the transport 
coefficients, the Miscanthus decomposition kin- 
etics also have to be defined. 
4.5.1. The drag coefficient. According to 
Becker,~° free-falling cylindrical particles tend to 
orient themselves with their flat side forwards, 
perpendicular to the gas flow direction if the 
particle Reynolds number exceeds a value of 
5.5. The drag coefficient of a particle is 
dependent on the particle Reynolds number, 
f 
l~tle, lo d~e~d 
Tmq~llmlm ~ bo,~d,,,,T l,,~m. 
Fig. 2. The particle in cylindrical coordinates (axisymmetry is assumed). 
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and an empirical correlation between both 
quantities was obtained by Lapple and Shep- 
herd. It The Reynolds number for cylindrical 
particles moving with their axis normal to the 
gas flow direction is given by: 
Rep = ~vDP (10) 
rl 
Lapple and Shepherd" published drag co- 
efficient measurements for the Reynolds range: 
10-4< Rep < 105. This drag coefficient corre- 
lation and its application in the drag force 
equation are given by: 
Cd = 1.2 + 3.3Re~ °5 + 6.3Rep °9 , (11) 
Fd = CdDpLp ½ pv 2 . (12) 
4.5.2. The gas-to-particle heat transfer co- 
efficient. Measurements of the gas-to-cylinder 
heat transfer coefficient have been published by 
Collis and Williams, ~2 and Whitaker ~3 for gas 
flowing perpendicular to the cylinder axis. Their 
measurements cover the Reynolds range 
10-3< Rep < 105, and a correlation of their 
measurements yields: 
Nup = 0.24 + 0.56Re °'5 + 0.06Re~  . (13) 
The gas-to-particle heat flow depends on the 
particle Nusselt number and the temperature 
difference between the gas phase and the particle 
surface: 
ap -~ 7[Nup,~gLp(Tg - Tp, r f f i  2dp) • (14) 
4.5.3. Miscanthus decompositions kinetics. 
Visual inspection of the solid products which 
were collected at the droptube xit showed that 
the collected particles had a black and charred 
texture. A second experiment in which the 
particle was monitored inside the droptube 
showed that a 1 mm diameter and 10mm 
long Miscanthus particle released its volatiles 
uniformly, and a burning volatiles envelope 
formed around the particle with a diameter of 
5 mm and a length of 15 mm. The observation 
of charred product particles showed that the 
rapid decomposition of Miscanthus occurred 
by a pyrolysis mechanism inside the particles 
and combustion of the volatiles outside a 
decomposing particle. 
The decomposition rate of Miscanthus at 
various temperatures could not be obtained 
from the literature at the moment of writing of 
this paper. Therefore, the published thermal 
decomposition rate expressions of other 
biomass types have been screened for use as a 
substitute for the unknown Miscanthus de- 
composition rate equation. We selected a study 
by Wagenaar et al. j4 who published a rate 
equation of pine wood pyrolysis in the 
temperature range from 573 to 873K. Their 
single first-order decomposition rate constant is 
given by the following Arrhenius type of 
equation: 
k=l .4x  10 j °exp( -150x  103/RT). (15) 
If, at a temperature higher than 700°C, eqn (15) 
predicts values which exceed 100, a limiting 
value of 100 is used in the calculations, because 
higher values have not yet been demonstrated in 
the literature. This assumption does not 
influence the simulation results, which clearly 
showed heat transfer limitations. 
4.6. Model results 
The mathematical model defined by eqns (3) - 
(15) has been used to simulate the thermal 
decomposition of Miscanthus particles. All 
necessary model parameter values are given in 
Table 2. 
The numerical simulation program calculates 
the disappearance in time of Miscanthus and 
the formation of char inside a particle. Both 
quantities are presented in Fig. 3 for a particle 
which has been subject o the hot combustion 
conditions for 0.5 s. 
On the horizontal axis of Fig. 3, the cylinder 
radius is given. A cylinder radius equal to 0 
corresponds to the centre of the cylinder, 
whereas a radius equal to 0.50 mm corresponds 
to the cylinder surface. Miscanthus and char 
density profiles inside a cylindrical particle are 
given on the vertical axis on the left-hand side. 
The temperature profile as a function of the 
radius is given on the right-hand side. From 
Fig. 3, it can be recognised that for radii larger 
than 0.3 mm only char is present. For radii 
smaller than 0.2 mm, only Miscanthus i present 
with its initial density, and it appears that the 
chemical decomposition volume only exists in 
Table 2. Additional model parameters 
Miscanthus particle shape 
Miscanthus particle diameter 
Miscanthus particle length 
Miscanthus density 
Miscanthus heat capacity 
Miscanthus heat conductivity 
Heat of reaction 
Ultimate char mass fraction 
Gas-phase medium 
Gas-phase temperature 
Cylindrical 
1.0 mm 
10 mm 
300 kg m-3 
1335Jkg-~K- 
0.08 W m -~ K - t  
0.5 MJ k&~,~ 
0.1 
Air 
1573K 
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Fig. 3. Miscanthus and char density profiles inside a decomposing Miscanthus particle (left). The 
temperature profile is included in this graph (right). 
the radii range from 0.2 to 0.3 mm where both 
Miscanthus and char are present. The tempera- 
ture inside the particle varies from 700K in the 
particle centre to 1400K at the particle surface. 
The overall Miscanthus conversion of the 
particle shown in Fig. 3 is 70wt%. 
The mass conversion of a Miscanthus particle 
in the droptube is given in Fig. 4. A mass 
conversion equal to 0 corresponds to the 
original Miscanthus particle and a mass 
conversion equal to 1 corresponds to a char 
particle. 
The particle first falls for 0.05 s, or 0.1 m, 
in the droptube without any conversion. This 
interval corresponds to the heating of the 
surface (and interior) of the Miscanthus particle 
to the temperature of rapid pyrolysis (approxi- 
mately 800K). Then, the particle starts to 
decompose until at an axial position of 0.8 m it 
is completely decomposed. 
5. EXPERIMENTAL AND NUMERICAL RESULTS 
5.1. Miscanthus feedstock analysis 
Miscanthus tems have first been hammer- 
milled according to the pretreatment procedures 
outlined in Section 3.4. After hammermilling, 
the Miscanthus particles have been size- 
classified; the mesh size of the sieves are 
2.8 mm for the top sieve, 2.0 mm, 1.0mm 
and 0.595 mm for the bottom sieve. Upon 
sieving, three Miscanthus particle size classes 
are obtained: 
Class I: 0.6-1.0 mm 
Class II: 1.0-2.0 mm 
Class III: 2.0-2.8 mm. 
Visual inspection of the Miscanthus particles 
of each size class showed that the shape of 
hammermilled particles is nearly cylindrical. A 
random sample of 35 class II particles has been 
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Fig. 4. Mass conversion of a 1 mm diameter and 10 mm long cylindrical Miscanthus particle vs the axial 
droptube position. 
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Fig. 5. Class II Miscanthus particle size distribution defined 
by the length and diameter of each cylindrical particle. 
studied in detail and the results obtained are 
presented in Figs 5 and 6. 
The solid line in Fig. 5 represents he particles 
with a length-to-diameter ratio equal to 10. 
According to the cloud of particle coordinates 
shown in Fig. 5, it appears that hammermilling 
and subsequent sieving of the Miseanthus 
particles results in a poorly defined particle-size 
distribution. 
The horizontal coordinate in Fig. 6 represents 
each individual particle. If, for instance, particle 
number 14 is selected (vertical dotted line in 
Fig. 6), its size can be obtained by the intercept 
of the horizontal solid line in Fig. 6 and the 
vertical axis on the right-hand side. This yields 
a value of the cylinder diameter equal to 
0.7 mm. Using a similar procedure, the ac- 
cumulative volume fraction of particles 1-14 
can be found on the left-hand axis, which 
yields an accumulative volume fraction equal 
to 75vo1%. 
Figure 6 shows that the largest half of 
the particle sample contains more than 75% of 
the total particle volume. Hence, the thermal 
conversion of a biomass ize class is rate limited 
by these large particles. Since hammermilling 
and sieving are realistic large-scale biomass 
pretreatment operations, it has been decided to 
model numerically the decomposition f a single 
cylindrical Miscanthus particle with a unique 
diameter and length. However, the thermal 
decomposition f a real particle distribution can 
be predicted by superposition of the outcomes 
of a numerical model run in series with the 
particle length-diameter coordinates as input. 
5.2. Measured Miscanthus conversion and model 
validation 
Size analysis measurements of class II 
Miscanthus particles showed that hammer- 
milling of grassy biomass and subsequent 
sieving results in a poorly defined particle 
distribution. For calculation purposes, the 
complex size distribution was simplified using 
the analysis data of the previous ection. 
Class I: 75wt%, d e = 0.6 mm, Lp = 6 mm 
and 25wt%, dp= 0.3 mm, Lp = 3 mm; 
Class II: 75wt%, dp = 1 mm, Lp = 10 mm 
and 25wt%, dp = 0.5 mm, Lp = 5 mm; 
Class III: 75wt%, dp= 1.6mm, Lp = 
16 mm and 25wt%, dp = 0.8 mm, Lp = 0.8 mm. 
All three size classes of hammermilled 
Miscanthus have been fed into the droptube 
reactor. Graphs of the measured mass conver- 
sion as a function of the droptube length are 
presented in Figs 7 and 8. Respectively, they 
present the droptube conversion results for the 
particles belonging to size class I and the sieve 
fraction from 0.6 to 1 mm, and size class III and 
sieve fraction from 2 to 2.8 mm. 
From Fig. 7, it can be observed that a 
complete conversion of the biomass particles 
can be achieved for a droptube length larger 
than 1 m. The model predictions seem to deviate 
rather a lot from the measured data points. This 
can be attributed to the unknown thermal 
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Fig. 7. The mass conversion of class I Miscanthus particles as a function of the droptube length. 
decomposition rate of Miscanthus as mentioned 
earlier in Section 4.5. For the small class I 
particles, the measurement data indicate a mass 
conversion of 75wt% at a tube length of 0.4 m, 
whereas the model predicts a similar conversion 
at approximately 0.2 m. 
The numerical model predictions correspond 
to the experiments only by approximation. It
must be noticed, however, that the differences 
between the mass conversion predictions of the 
numerical model and the measurement data 
points are caused by two effects: 
• Inaccuracy of the experimental measure- 
ments. This is caused by: 
• collisions of the particles with the tube wall, 
• deviations in the gas phase composition 
during a biomass feeding interval, and 
• differences in the axial gas phase tempera- 
ture. 
• Uncertainty of the model input parameters, 
such as: 
• the particle size distribution, 
• the random free fall orientation of cylindri- 
cal particles, 
• the Miscanthus decomposition kinetics, 
• the particle thermal conductivity, and 
• the heat of reaction. 
The difference between the measurements and 
model predictions shown in Fig. 7 indicates that 
all parameter uncertainties have some influence 
on the model predictions. However, it must be 
realised that the numerical model does not 
contain any fit parameters. 
Results obtained with the largest class III 
particles are presented in Fig. 8. Here, the fit of 
the model predictions and the measured ata 
points is striking, and it seems that the model 
predictions for large particles are less dependent 
on the assumed Miscanthus reaction rate and 
the heat of reaction compared with the model 
predictions for small particle devolatilisation. 
However, more computer simulations and a 
sensitivity analysis hould be made to establish 
this fact. 
6. APPLYING THE MODEL FOR A PULVERISED 
COAL COMBUSTOR 
A pulverised coal combustor with many 
experimental facilities is Goudey Power station, 
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Fig, 8. The conversion fclass III Miscanthus particles as a function of the droptube l ngth, 
Co-combustion of Miscanthus in a pulverised coal combustor 195 
~ 8m 
17 m 
] 
Wtadbox fm 
momm 
$m in/mira port, st $ m 
4 m__m___ 
0m .*.sh hosppa 
section 
L ,.,. J 
Fig. 9. Schematic representation of Goudey Station. 
which has already been mentioned in the 
introduction of this paper. An artist's rendition 
of Goudey Furnace is presented in Fig. 9. The 
lower section of this furnace between level 1 and 
level 2, or at heights (respectively) of 0 and 4 m, 
consists of a hopper in which ash is collected. 
Gas does not flow through this hopper section 
and the ash particles will sediment in this 
zero-convection e vironment. Pulverised coal is 
fed in the windbox which extends from 4 to 8 m 
in the vertical direction. In this section, a coal 
fireball exists and coal volatiles are released in 
this section. The radiant section starts at 8 m 
and extends to 17 m in the vertical direction. In 
the radiant section, the gas phase radiates its 
thermal energy to the furnace walls which 
consist entirely of heat exchanger tubes. In 
the radiant section, the temperature of the ash 
and slag particles drops below a threshold value 
of 1000°C below which the slag solidifies and 
does not stick to the inserted heat exchanger 
tubes. The heat exchanger section is placed 
above the radiant section at a height higher than 
17 m, and only solid particles exist in this 
section. 
The numerical model, which has been 
validated with the experimental results obtained 
with the droptube reactor, is used to predict he 
effect of feeding hammermilled Miscanthus 
particles of different sizes. All particles 
are fed at a height of 5 m above the furnace 
bottom in the windbox together with the 
coal particles. Single particle sizes have been 
used in the biomass devolatilisation simulations. 
A total of four different particle sizes were 
used. 
Particle shape: 
Size group 1: 
Size group 2: 
Size group 3: 
Size group 4: 
cylindrical 
dp = 0.5 mm, Lp = 5 mm 
dp= 1 mm, Lp = l0 mm 
d v = 2 mm, Lp = 20 mm 
dp = 4 ram, Lp = 40 ram. 
The applicability of the developed numerical 
model is clearly demonstrated in Fig. 10. 
Figure 10 presents the model predictions of the 
mass conversion of Miscanthus when co-fired 
with a fossil fuel in a pulverised coal station. 
Due to the low biomass density of Miscanthus 
(300 kg m -3) this material can be well entrained, 
even for a particle size up to a diameter of 4 mm 
and a cylindrical length of 40 mm. However, 
these large particles devolatilise for 25wt% in 
the radiant section which destabilises the coal 
flame. The radiant section of the pulverised coal 
combustion chamber is meant o cool the ash 
and slag particles in this section by the radiative 
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cooling of the particles to their solidification 
temperature. Releasing a large amount of 
Miscanthus volatiles in the radiant section leads 
to an upward extension of the flame, which 
leads to less solidifying of the molten slag 
particles in the radiant section. In turn, this 
leads to greater fouling of the heat exchangers 
positioned ownstream. 
Miseanthus particles with a diameter less than 
3mm (Lp/dp=lO) can be fired well in a 
pulverised coal combustor, whereas the feeding 
of larger Miscanthus particles leads to a 
geometrical extension of the flame in the vertical 
direction. 
7. CONCLUSIONS 
Rapid screening of the combustion behaviour 
of Miscanthus could be carried out success- 
fully in the droptube furnace which has been 
designed, constructed and operated at the 
laboratory of BTG Biomass Technology 
Group B.V. Parameters which have been 
varied are: 
• the droptube temperature: 1000 °, 1200 °, 
1300 ° and 1400°C; 
• the heated droptube length: 0.4, 0.8, 1.2 
and 1.6 m; and 
• the particle size or sieve fraction: 0.6-1, 1-2 
and 2-2.8 mm. 
With these parameters, the particle residence 
time in the hot zone of the reactor is 1 s at the 
maximum. 
From the results of the experiments, it can be 
concluded that: 
• according to visual inspection, partially 
converted Miscanthus particles have a charred 
envelope, which implies that these particles 
undergo a rapid pyrolytic change, with oxi- 
dation reactions only occurring outside the 
particle; 
• particles of the smallest fraction (0.6- 
1 mm) could be completely devolatilised in a 1.2 
and 1.6 m long droptube; 
• the conversion rate of crops at tempera- 
tures above 1200°C was over 90% at a tube 
length of 1.2 or longer; 
• at 1400°C, particles of the largest fraction 
(2-2.8 mm) of the grass-like crops also com- 
pletely devolatilise at 1.6 m tube length. 
Apart from the experimental investigation, 
a numerical model has been developed. 
Samples of Miscanthus, representing grass-like 
crops, have been characterised in detail. These 
characteristics have been used to validate the 
numerical model on the basis of the results 
from the droptube furnace. In this validation, 
no match-factors have been used. The nu- 
merical outcomes are in correspondence with 
the droptube xperimental results. It is there- 
fore concluded that the numerical model is 
valid. 
The numerical model has been applied to 
predict he biomass devolatisation behaviour in 
a pulverised coal power station. The model 
predicts full conversion of energy crops 
for particles with a diameter smaller than 
3 mm, given a length-diameter ration of max. 
10. Miscanthus particles with a diameter larger 
than 4 mm burn in the radiant section of the 
combustion chamber and cannot be fired in a 
pulverised coal station. 
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